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ABSTRACT: 

PURPOSE: To detect a defect or damage in the structure member of not only a 
metallic material witii high accuracy without destruction, but also a compound 
material by detecting the defect or damage according to the measured value 
distribution of variation of a nonsteady temperature field wherein an impulsive 
thermal load is placed. 

CONSTITUTION: A pulse current is supplied firom a pulse current supply power 
unit 13 which is controlled by a computer 14 to the object structure member 12 
to place the impulsive thermal load on the member 12. The time variation of 
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the nonsteady temperature field corresponding to the defect or damage in the 
presence of the thermal load is measured as a temperature distribution through 
an infrared camera 15 and infrared thermography 16 to identify the defect or 
damage of the member 12 through the computer 14. Even when impulsive thermal 
load is placed with laser pulse light, the same result is obtained, so the 
defect or damage in the structure member of not only the metallic material, but 
also the composite material can be detected with high accuracy without 
destruction. 
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A' 

Specification 

1. Title of the invention 

NON-DESTRUCTIVE INSPECTION METHOD 

2. Patent Claims 

1 . A non-destructive inspection method wherein a pulsated heat load is impressed onto a 
structural component provided as an inspection target, wherein the variation of a non-steady 
temperature field is measured under the pervasion of this pulsated heat load is measured, and 
wherein defects and/or damages of the aforementioned structural component are detected based on 
the distribution of the obtained measurement values. 

2. A non-destructive inspection method specified in Claim 1 wherein said pulsated heat load 
is fed by permeating a pulsated current. 

3. A non-destructive inspection method specified in Claim 1 or 2 wherein crack-shaped 
defects of the structural component are detected by subjecting a non-steady peculiar temperature 
field to a measurement under the pervasion of the pulsated heat load. 

3. Detailed explanation of the invention 

(Industrial application fields) 

The present invention concerns an improved non-destructive method for inspecting defects 
or damages of structural components, above all metallic materials and composite materials. 



^ Numbers in the margin indicate pagination in the foreign 
text . 



(Prior art) 

It is important, from the standpoint of evaluating the safety of a structural object, to detect 
cracks, defects, or damages existing within said object in a non-destructive fashion and to measure 
their positions, shapes, and dimensions. Non-destructive inspection methodologies heretofore used 
for detecting defects or damages are instantiated by various ones such as the ultrasound method, X 
ray method, etc. It is not necessarily easy, however, to measure defects and damages within an 
actual structural object in a high precision for various reasons (e.g., convoluted shapes of damages 
generated & diffused within the structural object, restrictions on methodologies that can be applied 
to structural objects abiding in operative states due to environmental or dimensional limits imposed 
on said structural objects, etc.). Inspection methods bearing attributes peculiarly suited for 
inspection targets are therefore being used in complementary fashions at present, and the 
development of a non-destructive inspection method capable of measuring, in a more advanced 
precision, defects and/or damages within a structural object has accordingly become urgent. 

In recent years, furthermore, composite materials light in weight and high in strengths have 
come to be used frequently in place of metallic materials known in the prior art, and the 
development of a non-destructive inspection method capable of measuring defects and damages 
within such a composite material in a favorable precision has therefore become an urgent task. II 
Many attempts are being made to apply, to composite materials, traditionally used non-destructive 
inspection methodologies such as the ultrasound method, etc. Composite materials, however, bear 
structural anisotropics absent among extant materials due to lamination, mixing, etc. of heterologous 
materials, and since their destruction morphologies are complex, it is difficult to measure damages 
within such composite materials in favorable precisions, and thus, definitive methodologies that can 
be applied to non-destructive inspections of damages within composite materials have yet to be 
developed. 



3 



(Technical problems to be solved by the invention) 

The objective of the present invention is to provide a non-destructive inspection method 
capable of measuring & detecting, in a favorable precision, defects and damages within not only 
metallic materials but also composite materials. 

(Mechanism for solving the problems) 

The method of the present invention takes advantage of the variation of a temperature field 
formed within an object due to the effects of defects or damages existing within said object, and in 
particular, it is predicated on the novel insight gained by the present inventors that the detection of 
the variation of a non-steady temperature field under the pervasion of a pulsated heat load over a 
brief period is extremely effective for detecting defects and/or damages in high sensitivities. 

In other words, as far as the present invention is concerned, a heat load is momentarily 
impressed on a structural component provided as an inspection target (e.g., metallic material, 
composite material, etc.) by permeating a pulsated current (e.g., DC, AC, etc.) through the latter or 
by irradiating a pulsated laser beam, etc. instead, whereas the temperature distribution on the 
component surface ascribed to the concomitantly incurred non-steady heat conduction, or the non- 
steady peculiar temperature field, in particular, is measured, whereas defects (especially crack- 
shaped defects) or damages are detected based on the obtained measurement data for identifying 
their positions, shapes, and dimensions. 

Systems orchestrated for implementing the inspection method of the present invention are 
instantiated by a measurement system provided by connecting, on-line, a heating device designed to 
instantaneously heat a material, an infi-ared thermographic unit designed to measure the temperature 
distribution on the material surface, and a compact computer designed to execute inverse problem 
numerical analyses of the obtained temperature distribution data and to identify & graphically 
display damages. 
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(Concrete examples of the invention) 

A case where the method of the present invention is applied to a component (12) in 
possession of the damage (11) shown in Figure 1 will be instantiated. Conceivable methods for 
impressing pulsated heat loads onto the component (12) include a method wherein a pulsated laser 
beam is irradiated onto the object, a method wherein heating is rendered by Joule's heat generated 
by feeding a pulsated current through the object, etc. As one embodiment, a damage identification 
scheme that uses a method wherein instantaneous heating is rendered by impressing a pulsated 
current from the pulsated current feeding power source device (13) will hereby be instantiated. This 
method is a method that can be applied to an electroconductive material (e.g., metalUc material, 
carbon fiber-reinforced composite material, etc.) and can instantaneously heat the object effectively 
by using a relatively simple apparatus. As Figure 1 indicates, a pulsated current is fed by 
controlling a stabilization electrode with the computer (14). In a case where the like of a composite 
material bearing a laminate structure is provided as a measurement target, mutually different 
temperature fields can be generated within the object by diversely altering layers through which the 
electric current is permeated, and it becomes possible to identify damages in a more advanced 
precision by totaling these fields. 

The infi-ared camera (15) and the infrared thermograph (16) are used for measuring the 
temperature distribution on the object surface. The infi-ared thermograph enables a high-speed, 
high-precision temperature measurement capable of accommodating heat conduction phenomena 
over brief periods. A temperature distribution measurement synchronous with the pulsated current 
feeding power source device (13) and an on-line routine for processing the temperature distribution 
data are executed by connecting the infi*ared thermograph (16) to the computer (14). 

In the context of processing the temperature distribution data, defects and/or damages within 
the object can be sufficiently detected by simply visualizing & imaging, via infrared thermographic 
means, the temperature distribution on the object surface and by observing the state of variation 
incurred upon the impression of the non-steady heat load, and the fundamental system of the 
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method of the present invention is thus provided. An inverse problem analysis approach is 
introduced to a process whereby damages are identified from the temperature distribution data on 
the object surface in the context of rendering more advanced quantitative evaluations of defects 
and/or damages. In other words, large volumes of data concerning non-steady temperature 
distributions measured under diverse pulsated heat load conditions are subjected to computerized 
inverse problem numerical analyses for the purpose of quantitatively measuring the positions, 
shapes, and dimensions of defects and/or damages within the object. The most realistic & effective 
method is an inverse problem numerical analysis method wherein a temperature distribution 
database encompassing diverse heat loads & damages is built by means of the computation of finite 
elements, etc. and wherein defects and/or damages are quantitatively evaluated by comparing the 
formulated data with an actually measured temperature distribution. /3 

(Effects of the invention) 

It becomes possible, according to the present invention, not only to ensure a non-destructive 
inspection based on the non-steady temperature distribution of an object surface but also to render 
quantitative evaluations of defects and/or damages within composite materials, which have been 
difficult to measure based on methods known in the prior art. In other words, 

(I) : The present measurement method can be applied to non-destructive inspections of actual 
structural objects bearing convoluted shapes regardless of inspection environments, based on which 
on-site observations and real time monitoring of defects and/or damages within structural objects 
become possible; 

(II) : The present measurement method can be applied not only to homogeneous materials 
such as metallic materials, etc. but also to composite materials, and it is also useful for evaluating 
damages unique to composite materials (e.g., peel damages, etc.); 

(III) : The present measurement method can fundamentally be applied to measurement 
targets of all conceivable dimensions so long as measurement targets can be captured within the 
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infrared thermographic measurement range, namely not only extremely small objects such as 
electronic components but also large structural objects such as aircrafts, plant facilities, etc. It avails 
itself, in particular, as an effective non-destructive inspection method in the field of aerospace 
engineering, where composite materials tend to be used frequently. On occasions for conducting 
various material strength tests in laboratory settings for evaluating material strengths, furthermore, it 
is effective as a measurement method capable of evaluating, in real time, the history of damages 
within a testpiece. 

(AppHcation examples) 

In the following, application examples of the present invention will be explained. 

A pplicatiori Example 1: Two-dimensional crack identification based on a non-steady temperature 
distribution 

Measurement target : A two-dimensional central crack within a thin testpiece sheet made of a 
stainless steel was targeted for measurement, as Figure 2 indicates. An attempts was made, as 
Figure 2 indicates, to identify the crack based on a non-steady temperature field on the surface of 
the testpiece attributed to Joule's heat generated in a case where a pulsated DC current is fed via 
contiguous press terminals attached to both terminals of the testpiece. In the figure, the numerical 
values signify dimensions (mm), whereas Roman alphabet notations signify testpiece positions. 

Numerical simulation : Numerical simulation based on the finite element method was 
rendered for the purpose of investigating the effects of the existence of the crack on the Joule's heat 
generated under the pervasion of a pulsated current as well as on the non-steady temperature field 
attributed to the former. Shadowed quarter regions A, B, C, & D shown in Figure 2 were analyzed 
depending on problem targeting potentials. The analysis method is shown below. 

A non-steady heat conduction equation is, in a case where isotropic homogeneity is assumed 
with regard to a two-dimensional problem, expressed by the following formula: 
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pc (?T/?t) = X {(?^T/?x^) + (?^T/?y2)} + Q ... (1). 
In the above, p signifies the density, whereas c signifies the specific heat, whereas X signifies the 
thermoconductivity, whereas T signifies the temperature, whereas Q signifies the heat generation 
ratio per unit volume. The heat generation ratio Q specific to the case of Joule's heat can, by using 
the potential q) and electroconductivity k, be expressed by the following formula: 

Q = k{(?cp/?x)2-f-(?(p/?y)2} ... (2). 

An attempt is therefore made in the first place to calculate the heat generation ratio 
distribution attributed to Joule's heat within the designated region by solving an electric potential 
problem, and subsequently, the non-steady temperature distribution within said region is calculated 
by solving a non-steady heat conduction problem based on this heat generation ratio distribution. 
Both the electric potential problem and non-steady heat conduction problem were formulated in 
terms of finite elements based on the Cal[e]rkin method and were discretely defined in terms of 
triangular primary elements. The Crank-Nicolson differential formula was used for the temporally 
discrete expressions of non-steady problems. 

As far as analysis border conditions are concerned, (p = 2- mV was assigned to CD with 
regard to the electric potential problem, whereas an electric potential value of (p = 0 mV was 
assigned to the ligament segment on AB, whereas fi*ee borders were assigned to remainder portions. 
The temperature binding condition T = O^C was assigned to CD with regard to the non-steady heat 
conduction problem, whereas heat insulation borders were assigned to remainder portions. 
Moreover, T = O^'C was designated as the initial temperature at every position within the region. 

hi the following, analysis results {only the temperature distribution in the vicinity of the 
crack (ABFE in Figure 2)} will be shown. First, an isothermal curve that expresses the temperature 
distribution of a steady state is shown in Figure 3. The arrow in the figure signifies the position of 
the distal end of the crack, whereas AT signifies the temperature differential between isothermal 
curves. It can be judged fi*om the figure that the portion in which the crack exists, especially the 
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ligament segment thereof, bears a high temperature, although it is difficult to identify the position of 
the crack distal end as it is. The temporal variation of the isothermal curve since the /4 
commencement of current permeation, on the other hand, is shown in Figure 4. It can be judged 
from this figure that a local temperature gain is observed at the crack distal end since immediately 
after the commencement of the current permeation and that the heat is diffused into its peripherals 
over time. This state is quite analogous to a case where a centralized heat generation source exists 
at the crack distal end, and the position of the crack distal end can be identified by calculating the 
position of this pointwise heat source. 

Experimental results : The non-steady temperature-distribution attributed to the generation of 
Joule's heat in a case where a DC current of 10 A was permeated through the two-dimensionally & 
centrally cracked testpiece shown in Figure 2 for approximately 1 sec. was measured by using an 
infrared thermograph (Nihon Avionics TVS-3300). 

First, the temperature distribution of the steady state is shown in Figure 5. In a case where 
this distribution is compared with the analysis results shown in Figure 3, their respective 
temperature distribution tendencies are observed to be different. This difference is presumably 
attributed to the fact that heat transmissions from the testpiece surface and edge plane are not taken 
into consideration with regard to the analysis of the two-dimensional problem. Next, the non-steady 
temperature distribution after the commencement of current permeation is shown in Figure 6. 
These results coincide well with the above-mentioned non-steady temperature distribution 
ascertained by means of numerical simulation. In other words, a local temperature gain centering 
around the crack distal end is observed since immediately after the commencement of the current 
permeation, and the heat is diffused from this localized site into the peripherals thereof The 
position of the crack distal end can therefore be identified by identifying the cnetralized site of heat 
generation immediately after the impression of the pulsated current load based on the thermogram 
of the thermograph. 
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It can be judged from the foregoing analysis that the detection of the pecuUarity of a non- 
steady temperature field attributed to a crack, namely centralized heat generation source, is effective 
for identifying the crack based on the temperature distribution under the pervasion of the pulsated 
current load. 

A pplication Example 2: Three-dimensional crack identification based on the use of a non-steadv 
temperature distribution 

A defect detection method designed to take advantage of the peculiarity of a non-steady 
temperature field attributed to a crack under the pervasion ot a pulsated current load was applied to 
three-dimensional surface crack identification. Multiple surface cracks existing within the stainless 
steel sheet with a thickness of 6 mm shown in Figure 7 were identified. As Figure 7 indicates, two 
surface cracks with depths of 4.5 mm were created at the center of the testpiece by means of 
discharge processing, hi the figure, the numerical values signify dimensions (mm). 

The testpiece was, as Figure 7 indicates, sandwiched by the electrodes of a current feeding 
device designed for magnetic powder probing purposes, and a current was fed via the edge portion 
of the testpiece. The feed current magnitude and current permeation period were designated 
respectively at 2 kA and 1 sec, and the non-steady temperature distributions of the testpiece 
surfaces (front surface on which the crack had been formed and surface behind said crack) since the 
commencement of the current permeation were observed by using an infrared thermograph. 

First, the variation of the temperature distribution on the front surface where the crack had 
been formed is shown in Figure 8. As can be judged from this figure, a local temperature gain is 
acknowledged at the distal end of the crack, as in the case of the above-mentioned two-dimensional 
crack, and the position & surface length of the crack can be identified based on this pattern. Next, 
the variation of the temperature distribution on the surface behind said crack is shown in Figure 9. 
A local temperature gain centering around the deepest portion of the surface crack is acknowledged 
on the rear surface, and not only can the existence of the crack be detected based on this attribute 
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but its position can also be identified. If quantitative data on the heat diffusion state and temperature 
gain ratio can be obtained, furthermore, the crack surface length & depth can potentially be 
identified by rendering inverse problem evaluations based on experimental or numerical analysis- 
based calibrating relationships. 

Application Example 3: Application to peel damage detection of a carbon fiber-type composite 
material 

The above-mentioned damage detection method that uses a non-steady temperature 
distribution under the pervasion of a pulsated current load can be applied not only to metallic 
materials but also to electroconductive carbon fiber-type composite materials such as CFRP, etc. In 
the case of a composite material, in particular, heating actions predicated on diverse current feeding 
methods (e.g., through specified layers or corresponding interlayer gaps) are possible by virtue of 
the anisotropy of its laminate structure. A damage evaluation method suitable for the detections not 
only of cracks and/or notches generated as a result of fiber firactures but also of interlayer peeling, 
which represents an important composite material destruction morphology, can therefore be 
developed by selecting an appropriate heating method. An attempt was therefore made in the 
present experimental example to identify a peel damage of a CFRP testpiece (epoxy type, 0-90° 
lamination) based on the non-steady temperature distribution of a case where a current was 
permeated through said testpiece. 

Electrodes were attached to both terminals the CFRP testpiece, and a pulsated current was 
then fed into the latter. A peel damage was induced on said testpiece by inserting a Teflon sheet in- 
between the first & second layers thereof The temperature distribution of the testpiece achieved /5 
immediately after the feeding of the current is shown in Figure 10, The testpiece was heated under 
the pervasion of Joule's heat since immediately after the current permeation, although a local 
temperature loss was momentarily incurred in the vicinity of the peel damage site shown in the 
figure. Although the relationship between the peel damage and non-steady temperature distribution 



must also be verified by means of numerical analysis, etc., peel damages can at least be identified 
based on the non-steady temperature distribution. It is necessary, according to this method, to 
capture a momentary temperature variation in the course of rapid heat generation & heat diffusion 
processes, whereas peel damages can be identified by the method of the present invention by using 
a recently developed infi-ared thermograph capable of high-speed temperature distribution data 
sampling. 

4. Brief explanation of the figures 

Figure 1 is a diagram which shows an example of combination of devices in the context of 
implementing the method of the present invention, whereas Figure 2 is a diagram which shows the 
measurement target and current feeding method in Application Example 1, whereas Figure 3 is a 
diagram which shows finite element analysis results on the temperature distribution of a steady 
state, whereas Figure 4 is a diagram which shows finite element analysis results on a non-steady 
temperature distribution, whereas Figure 5 is a diagram which shows measurement results on the 
temperature distribution of the steady state, whereas Figure 6 (a) Figure 6 (c) are diagrams which 
show measurement results on non-steady temperature distributions, whereas Figure 7 is a diagram 
which shows the measurement target and current feeding method in Application Example 2, 
whereas Figure 8 (a) ~ Figure 8 (c) are diagrams which show measurement results on non-steady 
temperature distributions (fi-ont surface on which the crack had been formed), whereas Figure 9 (a) 
- Figure 9 (c) are diagrams which show measurement results on non-steady temperature 
distributions (surface behind said crack), whereas Figure 10 (a) & Figure 10 (b) are diagrams which 
show the non-steady temperature distributions of the composite material testpiece of Application 
Example 3. 

(11): Defect or damage; (12): Structural component provided as an inspection target; (13): 
Pulsated current feeding power source device; (14): Computer; (15): Infi-ared camera; (16): hifi*ared 
thermograph. 
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[(1): Steady state] 




14 



[(1): 0.1 sec. later; (2): 0.2 sec. later; (1): 0.3 sec. later; (1): 1.0 sec. later] 

Figure 5 /6 
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Figure 6 (a) 
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Figure 6 (b) 




[(1): Or lower; (2): Or higher] 



16 



Figure? 




[(1): DC power source] 

Figure 8 (a) 
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Figure 8 (b) 
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Figure 9 (a) 
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Figure 9 (b) 
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Figure 9 (c) 
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Figure 10 (b) 
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